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Many applications in electronics and spintronics rely on interfaces, which are buried a few nanometers deep
and thus are hardly accessible in real devices except for invasive techniques. Here, we report on hard x-ray
photoemission spectroscopy combined with the x-ray standing-wave technique as a noninvasive method to
access buried interfaces with a depth resolution of a few A˚ and enhanced interface sensitivity. Within these
experiments, the film thicknesses and also the thicknesses of the intermixing layers are determined. We extend
the data analysis scheme previously developed for soft x-rays to the hard x-ray regime and apply the method to
buried epitaxial Fe/MgO interfaces, which play a crucial role in magnetic tunnel junctions and their applications.
It was found that there was no detectable intermixing or reaction of the Fe and MgO layers at the interface.
DOI: 10.1103/PhysRevB.83.165444 PACS number(s): 68.49.Uv, 79.60.Jv, 79.60.Dp
I. INTRODUCTION
Thin layers with thicknesses in the range of a few nanome-
ters and multilayers thereof feature new physical phenomena
that are not present in bulk samples.1 In many cases these
phenomena crucially depend on the properties of the inevitable
interfaces with the substrate and between individual layers.
A prominent example is the tunneling magnetoresistance
(TMR)2,3 effect in magnetic tunnel junctions (MTJs), which is
considered to be a key candidate for the development of real
spintronic applications.1,4,5
The largest TMR ratios have been reported for single-
crystalline MgO(001) barriers in combination with Fe, CoFe,
or CoFeB electrodes; in the case of CoFeB/MgO/CoFeB the
values exceed 1000%.6 The extremely large TMR effect in
these MTJs is related to specific features of the band structures
of MgO and Fe (or FeCo alloys). The MgO(001) barrier
selects bands with a certain symmetry (1 bands) of the
ferromagnetic electrodes that are highly spin polarized at the
Fermi level to contribute strongest to the tunneling current.7,8
Other bands have a much lower tunneling probability or
cannot couple to propagating states in the Fe electrodes. These
effects only occur for coherent tunneling and thus require
single-crystalline9 or at least highly textured10 MTJs. Detailed
knowledge of the atomic interface properties, which govern the
electronic properties, is therefore the key for understanding
and optimizing the TMR effect. In fact, there are still
fundamental open questions concerning the atomic structure
at the interface.11–13 The formation of an FeO interface layer,
for instance, would significantly alter the electronic structure
at the interface and impair the “symmetry filtering” of the
MgO/Fe(001) interface.
However, interface properties of layered systems are diffi-
cult to investigate, because a specific interface layer constitutes
only a tiny fraction of the complete structure and in addition is
difficult to access if it is buried under other layers. One way to
circumvent these difficulties is to use invasive techniques such
as secondary-ion mass spectroscopy (SIMS) or transmission
electron microscopy (TEM). However, characteristic interface
features could change when covering layers are altered or
removed. The same objections apply when the interface is
studied in an in situ growth experiment in which the covering
layers that are essential for the device functionality are missing.
In previous studies of MgO/Fe interfaces,12,14 for instance, the
MgO barrier was prepared in situ by the evaporation of Mg in
an O2-rich atmosphere onto an Fe surface. The interface is thus
close to the sample surface and within the information depth
of photoemission spectroscopy (XPS), which is one of the
most suitable methods to address questions about electronic
properties and the chemical composition. However, for this
preparation procedure the formation of iron oxide (FeO)
at the interface is very likely. In contrast, technologically
relevant MgO-based MTJs and most samples used to measure
macroscopic properties such as the TMR effect are grown by
evaporating or sputtering MgO as a compound, such that FeO
formation is rather unlikely. In addition, postannealing of the
complete multilayer stack is needed to obtain best properties,
which inevitably means that the interface of interest is deeply
buried inside the sample and not accessible with conventional
XPS. Alternative characterization methods are rare and hard
to find when the chemical composition, including oxidation
states, is the subject of interest. Photoemission experiments
mostly employ soft x-rays, which yield rather limited probing
depths due to the short inelastic mean free path (IMFP) of the
photoelectrons.15 This fact clearly restricts the use of XPS in
the soft x-ray regime for the investigation to deeply buried
layers.
Very recently it has been shown that photoemission with
several keV excitation energy, leading to high kinetic energies
of the electrons, permits studying buried interfaces.16 At
kinetic energies above 1 keV the IMFP of photoelectrons
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rises above 20 A˚ and a probing depth of the same length
scale becomes possible.17 Elastic scattering effects can be
neglected here. Nevertheless, for these studies an enhanced
depth resolution with high spectral resolution is desirable in
order to investigate interface properties.
Enhanced depth resolution, on the other hand, can be
obtained by exciting photoemission with an x-ray standing-
wave field featuring a sinusoidally modulated electric field
amplitude.18–20 The high field amplitude in the maxima yields
an enhanced sensitivity at the position (depth from the sample
surface) of the maxima. Depth resolution results from shifting
the field maxima through the sample by either varying the
incidence angle around the Bragg angle (rocking curve) of a
multilayer mirror or by laterally moving the x-ray beam along
a wedge-shaped layer (wedge scan) grown on top of such a
mirror.21 In the latter case a field maximum can be shifted
directly to the depth of the interface in order to increase the
interface sensitivity, as is discussed below.
In this work we combine hard x-ray excitation with the
standing-wave technique to perform photoemission spec-
troscopy of buried interfaces with high sensitivity and
enhanced depth resolution. We study intermixing (due to
roughness) and FeO formation at the interface between Fe and
MgO layers. The experimental setup and the sample design are
introduced in Sec. II. The data analysis of x-ray standing-wave
field photoemission experiments in the soft x-ray regime was
the subject of recent studies.22,23 In Sec. III, we modify
and extend the analytical approach to the high-energy range
and test the influence of various model parameters on the
simulated rocking curves to derive quantitative sensitivity
and resolution values. In Sec. IV we present experimental
rocking curves for various elements in our Fe/MgO samples
and derive a set of model parameters that well describes
all measurements. Enhanced interface sensitivity based on
combining our simulations scheme and experimental data is
demonstrated and discussed in detail in Sec. V. Our analysis
of rocking curves and wedge scan reveals virtually no FeO
formation at the interface, and there is only a minimal
roughness-induced intermixing of the MgO and Fe layers.
Thus, the growth process used for our samples results in a
clean and sharp interface structure.
II. EXPERIMENTAL PROCEDURES
The Fe/MgO/Al layers are grown in a dedicated MBE
system at the Research Center Ju¨lich on a Si/MoSi2 x-ray
mirror provided by the Center for X-ray Optics at Lawrence
Berkeley National Laboratory. Afterward the sample was
transferred to the spectrometer at BESSY II storage ring of
the Helmholtz-Zentrum Berlin fu¨r Materialien und Energie,
where the measurements are performed without further treat-
ment. Photoemission experiments were conducted at the high
kinetic energy electron (HIKE) spectroscopy facility16,24 at the
KMC-1 beamline that provides photon energies from 2 to
10 keV. Our measurements were done at hν = 2010 eV and
hν = 4 keV. The overall energy resolution of the instrument
was tuned to approximately 200 meV. The divergence of the
x-ray beam at the sample is found to be less than 6 mrad.
Figure 1 shows the geometry of the setup. The sample
consists of a wedge-shaped Fe layer grown on an x-ray
FIG. 1. (Color online) Experimental geometry at the HIKE
experimental end station in relation to the wedge geometry of the
sample. The vertical translation enables wedge scans and the rotation
around the ϑ axis is used for rocking curves.
multilayer mirror (see Fig. 2). The spectrometer axis is
perpendicular to the incoming beam. Thus, light with a grazing
incidence angle leads to near-normal photoemission and
therefore to the highest probing depth and electron intensity.
Sample rotation about the axis normal to the scattering plane
(angle ϑ) permits recording of rocking curves. The vertical
translation shifts the wedge through the x-ray beam, which
is necessary to record wedge scans, that is, measurements at
different wedge thicknesses.21 All rotations and translations
are fully automated.
A standing-wave field with strong field modulation is
created by the interference of the incoming x-ray beam
and the x-rays reflected from the multilayer mirror that we
used as a substrate.21 High reflectivity is achieved for light
incident at the first-order Bragg angle of the mirror, which
in our case consisted of 80 double layers of Si and MoSi2
with individual thicknesses of 28.7 and 11.2 A˚, respectively,
yielding a multilayer periodicity of 39.9 A˚. The angle of
incidence for the first-order Bragg reflection is calculated to
be ϑ = 2.3◦ for hν = 4 keV,25 which leads to nearly normal
FIG. 2. (Color online) Cross section of the sample consisting of
the Si/MoSi2 multilayer mirror, the Fe wedge, the MgO layer forming
the Fe/MgO interface of interest, and the protective AlxOy capping.
The residual oxide layer between the multilayer and the Fe wedge is
not shown for clarity.
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photoemission at the HIKE experiment. This means that the
photoelectrons entering the spectrometer leave the sample
nearly perpendicular to the sample’s surface, with an angle
of 2.3◦ to the sample’s surface normal. The Bragg reflection is
less than 0.1◦ wide and has a reflectivity of ∼30%, from which
we assume an effective interface roughness of 5 A˚ within the
multilayer. An x-ray reflectivity measurement of our sample
confirms an effective interface roughness of 5 A˚ or even less.
A piece of the bare multilayer mirror that is used as a substrate
in this work has previously been studied in detail with soft
x-ray standing-wave photoemission experiments.23
At the Bragg angle, the wavelength of the x-ray standing-
wave field is independent of the wavelength of the incoming
x-rays, as discussed in Ref. 22. At this angle the period of the
standing-wave field is equal to the periodicity of the multilayer,
which therefore defines the length scale and depth resolution
of the experiment. In our experiment the multilayer periodicity
is λ ≈ 40 A˚. Therefore, the field intensity increases from
minimum to maximum within λ/4 ≈ 10 A˚. Conservatively
assuming that we can resolve a tenth of the resulting photoe-
mission intensity variation, we estimate the depth resolution
to be about 1 A˚.
The layers on top of the multilayer mirror were prepared by
thermal evaporation after desorbing water and other contam-
ination due to transfer through air by annealing the substrate
for 10 min at 100 ◦C. Thus, a residual oxide on the topmost
Si layer of the mirror was not removed. The Fe wedge with
a nominal thickness varying from 0 to 200 A˚ over a width of
6 mm was covered by a layer of MgO with a constant thickness
of nominally 20 A˚. Finally, the sample was protected by a
10-A˚-thick Al film, which upon air exposure converted into an
AlxOy capping layer of slightly larger thickness. The Fe wedge
was grown at 80 ◦C and the other layers at room temperature.
The thicknesses were monitored by quartz microbalances.
Figure 2 shows schematically the sample structure together
with the resulting x-ray standing-wave field.
The vertical translation indicated in Fig. 1 corresponds to a
lateral motion of the x-ray beam with respect to the wedge in
Fig. 2. Since the phase of the standing-wave is fixed relative
to the multilayer mirror, a wedge scan results in a shifting
of the Fe/MgO interface through four full periods over the
whole wedge width of 6 mm. The beam diameter and thus
the photoemitting area is small (around 100 μm) compared
to the length of the wedge. Therefore, the wedge thickness can
be assumed constant within the photoemitting area.
Figure 3 displays a survey spectrum of the sample measured
at hν = 4 keV. All major features of the spectrum can be
assigned to core-level signals that were to be expected from the
composition of the sample. The C 1s signal indicates surface
contamination because the sample was exposed to ambient
air during transport and transferred into the vacuum chamber
without further cleaning.
For the standing-wave experiments we selected the
strongest signals in the spectrum, namely Al 1s, Mg 1s, Fe 2p,
and O 1s. All elements in the sample are represented by these
four signals except the surface contamination. High-resolution
spectra reveal that the O 1s signal is split into two components
due to chemical shifts. These two signals are assigned to
photoemission lines of oxygen in the MgO layer and in the
AlxOy capping layer.
FIG. 3. Survey spectrum of the sample, measured at hν = 4 keV.
The O 1s signal splits in two components due to chemical shifts as
seen in spectra recorded at a higher resolution (inset). After a careful
analysis of the wedge scans the two components were assigned to
MgO and AlxOy , respectively.
III. ANALYTICAL ANALYSIS OF INTENSITY
MODULATIONS IN HARD X-RAY STANDING-WAVE
EXCITED PHOTOEMISSION EXPERIMENTS
In previous investigations18,19,26 photoemission intensity
modulations due to standing-wave excitation in the soft x-ray
regime were studied. Here we apply the photoelectron intensity
modulation for high kinetic energies. In this case the IMFP is
much larger than for soft x-rays, leading to a significantly
larger probing depth. Due to the extension of the probing
depth from a few A˚ to several nanometers, all parts of a thin
film contribute more equally to the emitted signal, that is, not
only the parts close to the surface but also the deeply buried
ones can contribute. In soft x-ray photoemission experiments
the contribution from an intermixing zone that is a few A˚
thin below the layer under investigation which may be a
few nanometers thick is very weak because it is strongly
attenuated. Therefore, a recently developed analytical model
for soft x-ray standing-waves neglects this contribution.23
Only the intermixing zone on top of the layer can be reliably
determined by soft x-ray photoemission experiments. In hard
x-ray experiments the intermixing layer on the lower side of
the film must be included in the calculations, too.
A. Model calculation
In order to develop a model describing the photoelectron
intensity modulation for high electron kinetic energies, we
begin with the modulation of the XPS intensity I (ϑ,h)
resulting from the interference of the the incoming x-ray beam
I0 with its reflection R(ϑ) · I0 (Ref. 27):











where the intensity I (ϑ,h) is a function of the incidence angle
ϑ and the position h of the considered emission center inside
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the standing-wave field with the period λSW . The reflectivity
R(ϑ) and the phase between the incoming and reflected beams
φ(ϑ) are also functions of the incidence angle.
In the following, we develop the formalism for the rela-
tive intensity Irel = I/I0 since experimental asymmetries are
removed from this quantity while intensity modulation con-
taining structure information is still preserved. The emission
center in Eq. (1) is an infinitesimal thin layer only. Thus, in
order to include layers with a given thickness of a real film we
integrate over the z direction:
















where the integrals run over a film thickness from 0 to
d + md, and the function F (z) represents weighting factors,
which have to be applied in the different ranges of the
integrals. They represent linear concentration profiles in the
intermixing zones. The parameter d represents the thickness
of the layer under investigation while the parameter md stands
for the thickness of the intermixing zone below this layer.
The attenuation of the photoemission signal is taken into
account by the term e−
z
λIMFP ·sin(α) with the parameters that
represent the IMFP λIMFP and the angle α between the path of
the photoelectron and the normal emission direction. Elastic
scattering effects can be neglected here.
Figure 4 shows schematically the sample structure consist-
ing of layers A, B, and C and intermixing zones between A and
B, and B and C. Also, the upper and lower limits of integration
are inserted in Eq. (2) as shown in Fig. 4: The full layer depth
is given by parameter d with the thickness of the intermixing
FIG. 4. Schematic drawing of the different layers and intermixing
zones at the sample surface as assumed for the integration according
to Eq. (2).
zones being mu and md. The upper intermixing zone mu is
formally included in the layer B with thickness d, while the
lower intermixing zone md is part of the layer C below. In
this description the lower intermixing zone of a layer always
reaches into the layer below. Thus, the sum over all layers’
thicknesses d results in the total thickness of the sample.






for 0  z  mu,
1 for mu  z  d,
d+md−z
md
for d  z  d + md.
(3)
The integrals for the first two ranges 0  z  mu and mu 
z  d were solved23 for the analysis of soft x-ray data. The
third term can be rewritten in two parts, which are already
known, too:∫ d+md
d
d + md − z
md
f (z) dz









f (z) dz. (4)
Thus, for an arbitrary function f (z) [i.e., the attenuation of
the photoemission signal or the product of the attenuation and
the phase factor as shown in Eq. (2)] the relative intensity can
easily be calculated by solving the integrals for the intermixing
zones according to Eq. (4).
The influence of the divergence of the incoming x-ray beam
on the intensity modulation was included in the calculation by
a convolution of the calculated rocking curve with a Gaussian
of 0.6 mrad full width at half maximum according to the beam
properties at the KMC-1 beamline.24
B. Influence of the parameters
Before applying Eqs. (2) to (4) to experimental data, the
influence of the main parameters on the resulting rocking
curves is discussed by calculating several rocking curves as
shown in Figs. 5, 6, and 7. The model parameters are chosen
close to the experimental sample and setup. The x-ray energy
was set to hν = 4 keV, with a λIMFP = 47.5 A˚ for the IMFP,
calculated using the TPP-2M formula15 for photoelectrons
originating from the Mg 1s orbital in MgO excited by
hν = 4 keV. The experimentally determined thickness and
roughness parameters of the multilayer were used to calculate
the reflectivity and the phase between incoming and reflected
beams.
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FIG. 5. (Color online) Effect of MgO thickness on rocking curves
of Mg 1s. The Fe thickness was fixed at 50 A˚. The photon energy
was 4 keV. A rather small variation of the layer thickness leads to a
significant change of shape in the rocking curves.
Figure 5 shows the influence of the MgO layer thickness
on the shape and amplitude of the rocking curves. Only the
layer thickness was varied in small steps of 2 A˚, leading to
a strong variation of the the rocking curves. The hard x-ray
standing-wave experiment is obviously very sensitive to the
thickness of the layers and the determination of the thickness
is supposed to be accurate within 1 A˚.
The influence of the thickness of the intermixing zones
between MgO/Fe and AlxOy /MgO layers is shown in Fig. 6.
The three rocking curves represent the intensity of the Mg 1s
signal originating from a 28-A˚-thick MgO layer for different
thicknesses of the mixing zones on both sides of the MgO layer
(mu = md = m). Again, the influence on the general shape
of the rocking curve is strong. The maximum of the relative
intensity shifts from below the Bragg angle for a large mixing
to above the Bragg angle in case of no intermixing. Although
the layer thickness has a stronger influence on the shape of the
FIG. 6. (Color online) Effect of MgO/Fe and AlxOy /MgO inter-
face mixing on Mg 1s rocking curves. Here mu = md = m. The Fe
thickness was fixed at 50 A˚. The photon energy was 4 keV. The
general form of the rocking curve is very sensitive to the width of the
intermixing zones.
FIG. 7. (Color online) Effect of a mixing zone md between MgO
and Fe. The Fe thickness was fixed at 50 A˚. mu was set to 4 A˚, while
md was 0 or 4 A˚. The photon energy was 4 keV.
rocking curve than the intermixing zone thickness, the latter
can be determined with an accuracy of a few A˚.
Finally, Fig. 7 shows the influence of inserting an intermix-
ing zone below the MgO layer on the rocking curve simulation
of hard x-ray data. If an intermixing zone between MgO and
Fe is included, a much deeper minimum in the rocking curve
is obtained. Obviously, the intermixing below the layer has
a strong influence on the shape of the rocking curve in case
of hard x-ray data with a larger IMFP and can no longer be
neglected, as is the case for soft x-rays.
For a determination of the thickness of the intermixing
zones and individual layers, the experimental curves IExp(ϑ)
are compared to simulated rocking curves ISim(ϑ). The shape
and amplitude of the calculated rocking curve strongly depend
on even small changes of the structural parameters. For a
quantitative comparison between experimental and simulated
rocking curves, the structure search was carried out by varying
the model parameters within an R-factor analysis, where the





I 2Sim(ϑ) + I 2Exp(ϑ)
. (5)
A perfect agreement between simulated and experimental
rocking curves results in an R factor of 0, while an R factor of
1 means that there is no common feature between experimental
and simulated rocking curves. During the R factor analysis, we
varied the thickness of the actual layer and of the intermixing
zones above and below, beginning with the deepest-buried film
and for each layer separately. The parameters are varied one
by one and for each variation the R factor was calculated. The
range of precision for each parameter is the range over which
the R factor changes by less than 10%.
IV. SCANNING THE ANGLE: ROCKING CURVES
Most of the rocking curves were recorded at a photon energy
of hν = 4 keV in an angular range between ϑ = 1.9◦ and ϑ =
2.7◦, with an angle increment of 0.02◦. Thus, every rocking
curve consists of 41 single spectra. These spectra were fitted
with appropriate line shapes (an asymmetric Voigt function
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FIG. 8. (Color online) Rocking curve of the Fe 2p1/2 and Fe 2p3/2
signals. The experimental data (dots and squares) are compared to the
simulated results obtained for the best fit (solid line). In the optimized
simulation we assumed a thickness of the Fe layer of d = 32 A˚ with
an interface intermixing thickness of m = mu = md = 1 A˚.
with a Shirley inelastic background) in order to determine the
intensities of the core-level signals to obtain IExp(ϑ).
Figure 8 shows the rocking curve of the Fe 2p spectrum,
which is split into the Fe 2p1/2 and Fe 2p3/2 components due
to spin-orbit coupling. Both components show very similar
rocking curves, as expected. For the calculations of the Fe
rocking curve, the thickness of the residual oxide layer directly
on the multilayer mirror, the thickness d of the Fe layer, and
the width of the intermixing zones above mu and below md
the Fe layer were varied, while all other parameters were kept
constant. The nominal thickness of the Fe layer according to
the position of the beam on the wedge is 35 ± 3 A˚.
The R-factor analysis was performed separately for the
Fe 2p1/2 and Fe 2p3/2 sublevels yielding R = 0.026 and
R = 0.019, respectively. In both cases the same set of pa-
rameters was obtained, d = 32 A˚ and m = mu = md = 1 A˚.
Even though mu and md were treated independently, we always
found best agreement for mu = md = m. The thickness of the
Fe layer is in excellent agreement with the nominal thickness.
The thickness of the residual oxide layer on the multilayer
mirror was determined to be 10 A˚, in excellent agreement
with previous results.23 All optimized parameters are compiled
in Table I. The 10% criterion of the R-factor analysis yields
1 and 3 A˚ for the precision of the film thickness and intermixing
layer determinations, respectively.
FIG. 9. (Color online) Rocking curve of the Mg 1s signal,
measured at hν = 4 keV. The experimental data (dots) are compared
to the simulated results obtained for the best fit (solid line). In the
optimized simulation for the Mg 1s signal we assumed a thickness of
the MgO layer of 28 A˚ with m = 6 A˚.
In the next step, the analysis of the Mg 1s rocking curve was
carried out following the same procedure as for Fe 2p (Fig. 9).
Here the thickness of the MgO layer and the thickness of the
intermixing layers were varied as free parameters only, and
the thickness of the Fe layer was kept constant. The smallest
R factor was achieved for a thickness of dMg = 28 A˚ with an
intermixing layer thickness of m = 6 A˚. A similar analysis for
the Al 1s data yields for the AlxOy capping layer dAl = 10 A˚
with an intermixing layer thickness of m = 6 A˚.
The oxygen signal in our spectra originates from two
different parts of the sample, namely, the MgO layer and
the AlxOy capping layer. The two components can easily
be separated due to their different chemical shifts (inset of
Fig. 10). Figure 10 shows the result of an R-factor analysis of
the O 1s signal from the MgO layer. As a strong confirmation
of the results discussed above in Fig. 9 for the Mg rocking
curve, the smallest R factor was found for the same set of
parameters (Table I). This agreement confirms the consistency
of our model because both rocking curves originate from atoms
that are located in the same layer of the sample.
In order to further cross-check the results of the measure-
ments performed at hν = 4 keV, the beamline was tuned to
hν = 2 keV to repeat all rocking curve measurements. During
the change of the photon energy to hν = 2 keV the illuminated
spot on the sample stayed at the same position as for the rocking
TABLE I. Parameters of the sample as determined from the experiments. Each thickness includes the thickness of the intermixing layer on
top of the layer according to Fig. 4.
Thickness of intermixing Thickness of intermixing
Layer layer above film (mu) (A˚) Film thickness (d) (A˚) layer below film (md) (A˚)
AlxOy capping layer 6 10 6
MgO layer 6 28 6
Fe wedge 1 32 1
(at rocking curve position)
SiO2 on top of the mirror 1 10 1
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FIG. 10. (Color online) Rocking curves of the two O 1s com-
ponents that can be assigned to the MgO and AlxOy layers. The
experimental data for the MgO component (dots) are compared to the
simulated results obtained for the best fit (solid line). In the optimized
simulation we assumed a thickness of the MgO layer of 28 A˚ with a
thickness of the interface intermixing of m = 6 A˚. The inset shows
the separation of the O 1s components due to MgO and AlxOy . The
latter rocking curve is not shown for clarity.
curves at 4 keV. The angular range was adjusted to the new
Bragg angle and the spectra were taken for ϑ = 4.1◦ to 5.0◦.
At the photon energy of hν = 2 keV, the Bragg reflection is
broadened and therefore the step size was increased to 0.025◦.
The whole set of rocking curves was analyzed in the same
manner as for the 4 keV data set, and we obtain within the
experimental uncertainty the same results. As an example,
Fig. 11 shows a typical experimental rocking curve for the Mg
1s signal and the best simulation as a solid line.
Note that the second set of rocking curves at hν = 2 keV
is an independent data set to the data recorded at hν = 4 keV:
A lower photon energy results in a decreased IMFP of the
photoelectrons and the optical properties of the elements in
the sample are different, too. Thus, the phase φ(ϑ) between
the incoming and the reflected beam is altered, which
FIG. 11. (Color online) Rocking curve of Mg 1s measured at
hν = 2 keV. The dots represent the measured data and the line shows
the best fit.
significantly changes the shape of the rocking curves (compare
Figs. 9 and 11). Nevertheless, the analysis of the data set
recorded at hν = 2 keV yields the same values for all film
thicknesses and all thicknesses of the intermixing regions.
V. SCANNING THE SAMPLE POSITION: WEDGE SCANS
In order to further confirm the rocking curve analysis
and search for additional weak interface components such
as possible formation of interfacial FeO, wedge scans across
the sample surface were performed. For the measurement of
wedge scans, the incidence angle of the x-rays was tuned
to the first-order Bragg angle in order to obtain a strong
standing-wave field with a high signal-to-noise ratio. The
Bragg angle was precisely determined from the rocking curve
experiments.
Spectra of the Al 1s, Mg 1s, Fe 2p, and O 1s core-level sig-
nals were measured as a function of the sample position relative
to the beam by moving the sample perpendicular to the plane of
incidence as indicated in Fig. 1. A step size of 0.1 mm was used
to cover the sample length of 6 mm corresponding to ∼3 A˚
Fe thickness increments and leading to 61 spectra in total.
Figure 12 shows a full oscillation of the XPS signal due to a
variation of the Fe layer thickness of 45 A˚, which translates into
a shifting of the Fe/MgO interface relative to the standing-wave
by the same amount. All experimental data are plotted as
relative intensities. The Fe 2p1/2 and Fe 2p3/2 intensities
are plotted separately. For the O 1s intensity the component
assigned to MgO was plotted. There is practically no difference
between the wedge scans of the Mg 1s and O 1s signals
because both signals originate from the same layer. Thus, their
photoemission signal excited by the x-ray standing-wave must
show an identical modulation as a function of the Fe thickness
given by the sample position.
Rocking curves of all shown signals were calculated
in order to simulate the wedge scan experiment. In this
simulation, the only free parameter was the local thickness of
the Fe-wedge, which changes with every step. The thickness
FIG. 12. (Color online) Wedge scans measured at hν = 4 keV
for various elements originating from different layers of the sample.
The markers represent the measured data and the lines show the
calculations. The parameters that were obtained from the analysis of
the rocking curves (Table I) were used for this simulation.
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and intermixing values derived from the rocking curve data
(Table I) were kept constant.
Depth information can be extracted from the relative phase
between the Fe- and MgO-sine functions as well as from
the strength of the modulation. The experimental challenge
is that the strength of the photoemission intensity modulation
is directly connected to the x-ray reflectivity and thus strongly
depends on the angle of incidence. A small angular variation
causes a strong variation in the reflectivity if the Bragg
reflection peak is as narrow as in this experiment. Therefore,
we emphasized the matching of the relative phase more than
the strength of the modulation.
In the next step of our analysis, the existence of a possible
FeO interface layer was investigated. The wedge scan data
can be used as a probe with increased interface sensitivity
compared to simple XPS spectra. We select two spectra from
the wedge scan data that have a maximum or a minimum of the
standing-wave field at the interface. The difference between
these two spectra emphasizes the interface contribution, while
the bulk component is suppressed. As an example, we look at
the oxidation states of Fe at the interface, which would result
in a chemically shifted component of the Fe 2p signal. The
shifted component is supposed to be rather weak compared to
the Fe 2p bulk signal because it originates from a thin layer at
the interface if at all.
The location of each interface within the sample is well
known from the previous analysis of the rocking curves, as
discussed in Figs. 8 to 11. Thus, a simulation of a wedge scan
becomes possible and is displayed in Fig. 13. We assume FeO
layers of different thicknesses and calculate the wedge scan
modulation. A possible FeO interface layer must be thin, as
proven by the analysis of the rocking curves. A layer that is
more than a few A˚ thick would result in a lack of consistency
in the model.
The modulation turns out to be rather strong and the
positions of maxima and minima do not strongly shift with
the FeO thickness. A high intensity can always be found at a
FIG. 13. (Color online) Simulated wedge scans for assumed FeO
layers of different thicknesses compared to optimized simulations for
Fe 2p and Mg 1s. The positions of the minima and maxima for FeO
hardly change, while the modulation of the intensity from the FeO
layer is very strong in these cases.
FIG. 14. (Color online) Experimental spectra with a low and high
standing-wave intensity at the MgO/Fe interface are compared in the
upper part of the figure. The difference of these spectra in the lower
part is sensitive to interfacial FeO contributions.
wedge thickness of ∼80 A˚ and a weak intensity at ∼100 A˚. The
difference between spectra measured at these Fe thicknesses
is therefore very sensitive to the existence of an FeO layer.
The difference spectrum in Fig. 14 shows weakly decreased
intensity slightly to the lower binding energy side of the Fe
2p3/2 component only. This feature is not likely to originate
from an FeO layer because the chemical shift is expected
(i) to be larger by about 2 eV, (ii) to lead to a higher binding
energy, and (iii) to occur for the Fe 2p1/2 component, too.12
The dip is located at the steepest gradient in the spectra, where
statistical errors due to taking the difference of large numbers
are substantial.
Further simulations show that any oxide component that is
at least 3% of the bulk-component or stronger becomes clearly
visible in the difference spectrum. Thus, it can be concluded
that there is virtually no FeO present at the MgO/Fe interface,
certainly not as a complete FeO layer.
VI. SUMMARY
We have combined hard x-rays and standing-wave excita-
tion to perform photoemission of an interface that is buried
a few nanometers deep. This combination opens the door to
studying chemical composition and chemical binding states of
atoms at a deeply buried interface.
The existing standard setup at the HIKE experiment at
BESSY II in combination with a dedicated sample structure
including an x-ray mirror and a wedge-shaped layer enables
this experimental technique. The analytical approach for
the analysis of the photoemission data recorded with x-ray
standing-waves was extended to account for the larger IMFP
of photoelectrons excited by hard x-rays. The extended
model permits simulating rocking curves and wedge scans
in order to study the influence of structural parameters such
as the layer thickness and the intermixing layer thickness.
These parameters can be extracted with high precision from
experimental data by performing an R-factor analysis.
We apply this method to the MgO/Fe interface of a
sample grown by thermal evaporation of Fe and MgO. We
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find excellent agreement between the experimental data and
the simulations for two independent data sets recorded at
hν = 4 keV and hν = 2 keV. In both cases, agreement is
achieved for the same set of model parameters (Table I).
The roughness-induced intermixing at the Fe/MgO interface
is found to be ∼6 A˚. The formation of an interfacial
FeO layer is excluded based on the procedure employing
a difference spectrum with increased sensitivity for weak
interface components. Thus, we showed that band-structure
models which assume a thin layer of FeO at the MgO/Fe
interface cannot be applied to all samples and TMR devices in
general.
With this successful attempt to explore the deeply buried
MgO/Fe interface as it is employed in technologically relevant
devices, we are bridging the gap between structural studies
of MgO/Fe interfaces on an atomic level and experiments
that investigate TMR by transport measurements on the
macroscopic scale.
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